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Abstract 

The purpose of this article is to outline a framework of concepts and principles to combine quantum 
mechanics and general relativity so that time and measurement (reduction) are present as integral parts 
of the basic foundations. First, the problem of time in quantum gravity and the measurement problem in 
quantum mechanics are briefly reviewed and the popular proposals to tackle these two problems are briefly 
discussed. Next, on the already known foundations of quantum mechanics, a framework of principles of 
dynamics is built; 1) Self-Time Evolution - Newtons first law is reinterpreted to define time, 2) Local 
Measurement by Local Reduction - Quantum diffusion theory is adapted, and 3) Global Evolution by 
Global Reduction. Ideas on how to apply the framework to study quantum general relativistic physics 
are discussed. Further, more general and modified forms of some of these principles are also discussed. 
The theoretical elements in the framework to be made concrete by further theoretical and experimental 
investigations are listed. 



*This research work requires discussion, collaboration, extensive computing and mathematical work to apply the theory to 
finite systems. Technical notes, non-technical discussion and software simulation codes relating to the project will be made 
available online at various sites. All information regrading these will be made available at twitter.com/SureshMaran, and the 
author can be contacted through the same. 
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1 Introduction and Brief Review 



Quantum mechanics and general relativity are two great theoretical developments of the last century. Both 
of them have enormous experimental support; Yet, both are incomplete. Each of them leaves open to 
interpretation one important conceptual foundation in their theoretical framework: measurement (reduction) 
in quantum mechanics [T] and time in (quantum) general relativity. This has left the quest for unifying 
quantum mechanics and general relativity in a difficult state. There are many different proposals to tackle 
these two problems and cure the incompleteness in both the theories. My goal in this article is to propose 
a framework of concepts and principles for quantum general relativity, such that it 1) has time (dynamics) 
and measurement (reduction) as integral parts of the basic foundations, 2) is simple and intuitive, 3) has 
proper physical motivation, 4) is based on simple scientifically established notions and concepts, and 5) 
makes minimal assumptions. 

Primarily this article is intended to address the issues of time and measurement in quantum general 
relativity. But, I also discuss briefly the established notions in quantum physics in an axiomatic form so that 
we have a complete framework of principles for the Planck scale physics. 

We follow the following conventions in this article: 

Convention 1: In any integral, the variables over which the integration is done is same those used in the 
measure placed in the right most end of the integral, unless explicitly indicated otherwise. 

Convention 2: Summation is assumed for all repeated Greek indices in the explicit elementary products of 
the basic variables of the theories discussed. 

Convention 3: In the differential measures of the integrals, the multiplication over all the suffixes and the 
prefixes is assumed, for example dx^dy^ mean n dx^dy^. 

Convention 4: For functions with arguments that have suffixes, prefixes, and parameters: The function 
depends on all the collection of the arguments for all different values of the suffixes, the prefixes and the 
parameters. Example: f{x"{t),ya) — f{X), where X — {x'^{t),yp, \fa, l3,j,t}. 

Convention 5: No other summation or multiplication of repeated indices is assumed other than those defined 
in conventions 2 and 3. Examples: 1) there no summation in /^(x", j/a), the three a's are independent, 2) 
ijp'pXa + fi3{x"^,ya))dx°'dya = {J^P'^^a + f/s {x'^ , ys)) Hj^^^ dy^dx^ . 



Convention 6: It is assumed that h = c = G = 1, unless specified. 



1.1 Quantum Mechanics and Measurement 

Let me briefly review the measurement problem in quantum mechanics. Consider a quantum mechanical 
system S. Let q be an observable of the system S to be measured. Let an observing instrument O be setup 
to measure q. During measurement, S interacts with the quantum variables of O due to the presence of 
the interaction terms in the total Hamiltonian of O + S*. Let > and l^fji, > are the normalized initial 

quantum states of S and O respectively. Let j^tg >= ^^5(9)19 >, where q is an eigenvalue of q. The 
initial state of the combined system is 

1*0 > ®\^% >= (E ^sl?)!? >) ® 1*0 > • 
g 
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During measurement, the quantum state oi S+0, >, evolves according to the time dependent Schrodinger 
equation: 

ihj^l^ >= Hs+o\-^ > . (1) 

During this evolution, due to the interaction, the initial state is transformed into a superposition of macro- 
scopic states of the form ^'s((?)|'7 > <8)|^o >, in which the I^'q >'s for the different g's are macroscop- 
ically distinguishable from each other. The Copenhagen interpretation of quantum mechanics tells that in 
the final step of the quantum measurement the superposed quantum state collapses to '^si<l)\Q > ^l^o 
with probability |4's(9)|'^- The quantum measurement problem is to explain how the superposed state 
J2q'^siQ)\'l > ^I'^o > randomly collapses to ^s{q)\q > ^I'^o > eigenstate of q for the eigenvalue q. 
This is also referred to as the quantum reduction of the superposed state. 

To better understand the measurement process, we need to include the conscious observer C who observes 
the result of the measurement and the rest of the universe U (in the Newtonian Sense) with the initial 
quantum states I^E"^ > and |\E'p- > respectively. Let U be the entire universe with the quantum state >. 
The (approximate) initial state of the entire universe 1^*^ 1^'^ > > (^I'i'^ > (8)]^'^ > evolves by 

the Schrodinger equation into a superposed state of the universe \'^u >— ^'s(9)|9 > (^\^o > (^l^c > 
(gjj^'p >. In the final step of the measurement (or the human observation) this superposition collapses 

into 1^-^ >= '^s{q)\q > f^l^'o > «)|*c > > '^it^^ the probability |^'s(g)|^The i gnorance about 

this quantum reduction process has spawned many proposals. Let mc discuss a typical few of the popular 
proposals, and the good points and the problems with them. 

1) The many world theory [2J: In the sum \-^u >= J2q ^s{q)\q > '^I'^o > "^l^c > "^1^0 >' each term 
for different q is assumed to be representing a different universe (world). So the universe represented by 
the quantum state > (X)|4'q > > > evolves into a superposition of the many universes 
corresponding to the different eigenvalues of q, and the observer jumps into one of these universes with 
probability |\E'5((7)|^. It is assumed that the collapse or reduction of superposition never happens. The 
critical problems with this theory are: 1) it does not explain exactly when the jump happens and 2) how 
to split the universe into the observer and the rest of the universe. The many world theory needs to be 
considered more as a philosophy rather than physics. 

2) The GRW collapse theory [S]. In this spontaneous collapse of the wavefunctions of particles is proposed. 
Even though the probability of each particle to collapse is proposed to be very small, since there are always 
very large number of particles in any macroscopic quantum system, few of these particles always collapse in 
any instant. Due to the quantum entanglement with the rest of the system, they collapse the entire system. 

3) The orchestrated reduction theory by Penrose and Hameroff 3J : This theory is based on the idea that 
the presence of the quantum superposition of different macroscopic states of gravity disturbs the flow of 
time; so the macroscopic superposition collapses itself. An estimate of the time for the collapse or reduction 
of the superposition is given in terms of the mass of the superposing system. Consciousness is proposed to 
be related to the collapse phenomenon. These set of ideas are rich in insights, and a systematic theory needs 
to be developed. 

4) Decoherence theories [1], [TH]: In these theories the universe is divided into two parts: the quantum 
system to be studied and the environment. The pure density matrix >< describing the universe is 
traced with respect to the environmental degrees of freedom. The resulting mixed density matrix is considered 
to describe a statistical ensemble of the quantum system. It describes the continuous probabilistic evolution 
of the quantum system, instead of sudden collapse. Decoherence theories need objective criteria for dividing 
the universe into a quantum system to be measured and the environment. 

5) Quantum diffusion theory 0: In this theory, the time-dependent Schrodinger equation is modified 
to include stochastic terms, and terms that remove superposition (both of which I will discuss later in this 
article). The wavefunction evolves continuously, but also stochastically, gradually undergoing reduction 
or semiclassicalization, without any sudden collapse. Presence of these terms makes the evolution of the 
wavefunction to reproduce the Copenhagen probabilistic reduction. 

In this article, I will build on the philosophical and the technical insights in all these ideas, and the 
dynamical equation in the last proposal. 
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1.2 Classical General Relativity and Time 

The nature of time has been debated right from the antiquity. Great progress has been made in physics 
in understanding the nature of space and time, but deeper questions still persist. Let me assume that an 
observer is a finite entity that records events happening around it in space and time. 

In Newtonian physics, time and space are absolute. Newton assumes the space is rigid, three-dimensional, 
Euclidean, and there is a global time parameter t which at a given instant is same at all points of the universe 
and for all the observers. Space is also absolute, meaning the 3D length between any two points is same as 
observed by all the observers. Dynamics of the particles or/and the fields on the manifold is described in 
terms of the absolute space-time coordinates. 

In special relativity space and time are merged into a four dimensional pseudo-Euclidean space. There 
is one 4D space-time reference frame corresponding to each observer, and the transformation between any 
two of them is given by the Lorentz transformation or more generally the Poincare transformation. This 
makes time observer dependent. Then the reality observed by an observer is just one way to observe the 
universe and is generally related to that of the other observers by the Poincare transformation. The common 
physical information between the description of the various reference frames are the invariants such as the 
pseudo-Euclidian scalar product, the Cassimer Invariants and other conserved quantities. 

In general relativity, the time and space split of 4D space-time manifold is highly arbitrary: because 
of general covariance, any smooth decomposition of the four dimensional space-time manifold into a one 
parameter family of spatial hypersurfaces is equally acceptable. For example, an observer can choose a one 
parameter family of hypersurfaces such that he is at rest in it. The parameter plays the role of the time 
coordinate. 

The quantum measurement that we discussed in the last section is observer dependent as the entire 
measurement theory is formulated on the combined system made of the quantum system whose observable 
is to be measured, the observing instrument and the observer. The observer dependence in relativity and 
quantum mechanics has spawned many relational theories such as the relational quantum mechanics [9] and 
the relational particle mechanics [5]. The relational nature of reality is really common sense: Every entity 
observes the universe with respect to itself. But this does not explain why all the entities in the universe 
undergo temporal evolution. Relational theories do not answer this question. More interestingly there are 
proposals that time itself is not real [10]. But, every one clearly knows that time exists because he can 
measure it with his wristwatch and feel its flow. The purpose of science is to explain the observational 
reality and time is real in this context. So any theory that claims time does not exist is a philosophy, or by 
time they mean something else that is not related to the common sense time. 

We need to observe two critical ideas from Einstein's relativity. First, in classical general relativity one 
can always choose any particular choice of sequences of spatial hypersurfaces to describe physical phenomena. 
But not all choices are sensible to describe the universe. For example, in cosmology, time is defined based 
on the flow of the events on the space-time manifold globally such as the expansion of the universe. In 
this respect, the cosmological time is absolute like in the Newtonian theory, and is objectively based on the 
physical processes happening on the space-time manifold. Second, an observer doesn't have direct access to 
the physical processes at a distant point. So the reality observed by him is actually a picture painted to 
him by the information that traveled through space and time as disturbance in the physical fields. So, it is 
subjected to the many symmetry properties and other transformations associated to the space-time manifold 
and the internal space of fields. We can put these two points together. As space-time itself is built on the 
physical processes associated with the metric field, an objective time is to be based on the physical processes 
and quantities associated with the metric and the other physical fields living on the underlying 4D manifold. 
So in this article we will try to formulate a general concept of global fiow of time based on the quantum 
physical processes happening on the AD manifold. 
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1.3 The Problem of Time in Quantum Gravity 



When one tries to work out the quantum formulation of general relativity, one faces a series theoretical block 
referred to as the problem of time as a consequence of general covariance (coordinate independence). Let 
me review this now. Let S be the total action corresponding to the fields on the space-time manifold M 
without including general relativity for now: 



'4„ 



J Ld 

where the L is the corresponding Lagrangian density and the x"" are the space-time coordinates. 

To get the Hamiltonian formulation, we assume the topology of the space-time manifold is R(X) S, where 
5 is a smooth 31? manifold. The space-time manifold is foliated by a one parameter family of spatial hyper- 
surfaces of topology S, parametrized by a (time) parameter t. Now, let x^ be the (spatial) coordinates 
on the 3D hypersurfaces. We go to the Hamiltonian formulation using the Legendre transformation. For 
this, usually, formally, we rewrite the Lagrangian and an action as follows: 

L{p^,q",t)^ f {y2p^r + H{p^,q",t))d^X ,S{p^,q")= [ Ldt, (2) 

where the and are the collection of the configuration variables and the corresponding conjugate 
momentum variables (one set for each point of the manifold) of the fields and H is the Hamiltonian density. 
Usually H involves constraint terms Ck, 

H = H„{p^,q^,t) + X''Ck{Pa,q'',t), (3) 

where the A*^ are the Lagrange multipliers, and the Hq is the non-constrained part. 

Usually the variational analysis leads to the Hamilton equations of motion. For any observable F(g",p"), 
a function of the variables and p", we have, 

= 0, 

where the brackets are the Poisson brackets defined by 
d^dB_ _ dB dA 

In particular for and Pa we have, 
{q'^ix),p0ix')}^S$S'ix-x% 
and the equations of motion are 



dq^ ^ dH 

dt dp J ^ ' 

dpa OH 
dt dqa 

Dirac has formulated the way to go from the classical Hamiltonian formulation to the quantum mechanical 
formulation [llj : 
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[(t{x),pp(x')] = ifi5p\x-x'), (5) 
= 0, Vfc, 

where Ti is the Planck constant. In these equations, 

• the classical variables have become linear operators on the Hilbert space of quantum states, 

• the Poisson brackets have been replaced by commutators, 

• Cfc have become quantum constraint operators Ck^ 

• the physical states are to be annihilated by Cu Vfc, and 

• the physical observables are supposed to commute with Ck Vfc. 

The Ck are usually the generators of the gauge transformations associated with the theory. The Ck IV") = 
and [F , Ck] = 0, Vfc mean that the physical states and operators are gauge invariant. 

Let us now add general relativity to the analysis. In the rest of the article we assume h ^ c = G = 1, 
unless stated. The action can be split into the matter (suffix m) and the gravitational (suffix g) parts: 

S = Sg + Sm = / Lgdt^x + / L^d^^x 



'—gTZd ^ ~^ J Lmd x, (6) 

where the TZ is the space-time curvature. The Hamiltonian formulation of general relativity is given by the 
ADM formulation J_5^ . Usually in the theories that do not assume fixed metric the variational analysis leads 
to the Hamilton equations with clear dynamics, both in the quantum and the classical level. But once we 
allow full gravitational dynamics, as in the ADM formulation, Hq becomes zero and H is simply a linear 
combination of constraint terms: 



i/^^A'^Cfe. (7) 
fc 

This is not a problem in case of the classical analysis, the Hamilton equations clearly leads to dynamics. 
But in case of the quantum formulation, H is supposed to be zero on its action on the physical quantum 
states, as it is a linear combination of Ck which are supposed to be zero on their action on them. There is 
no dynamics! This is called the problem of time in quantum gravity which has lead to numerous conceptual 
speculations (recently reviewed in ref. |14j). 

It is surprising that when we use the Dirac's procedure for quantization for general relativity, time 
evolution exists in the classical level, while it disappears in the quantum mechanical level. The explanation 
for this is that at the classical level pa and q" depend on the derivatives of the Ck (with respect to Pa 
and g"), and Ck are constrained to zero independent of these dynamical equations. So Pa and do not 
disappear. But in quantum mechanics H is supposed to be zero in its action on \^). So ^ ji/') is supposed 
to be zero. And, for any observable F, we can show that ^ < F 0. All these suggest that the Dirac 
quantization procedure leads to no dynamics for quantum gravity. 
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In the ADM formulation the Hamiltonian density is, 



Hg = NHN + N"D^, (8) 

where the Hj^ is called the Hamiltonian term and Da, the diffeomorphism terms. These are the generators of 
space-time diffeomorphisms. Constraining these two to zero has the obvious physical interpretation that the 
physical state of system must not change under the (small) diffeomorphisms of the space-time coordinates. 
Since the lapse N relates to time scaling, i?jv is called the Hamiltonian term. The problem of time is to 
extract dynamics from its constraint equation, which is referred as the Wheeler-Dewitt equation [13] : 

Hn W = 0. (9) 

To better understand the problem of time, let me first discuss the path integral formulation of a -I- 1 
dimensional theory (a single point and one time dimension) with no constraints. Let Pa and be the 
conjugate momenta and the configurational variables respectively, and d be the dimension of the configuration 
space. Then the Lagrangian can written as, 

L{pa,q'^)=Pc.r-H. (10) 

Let me assume that the time variable t is discretized into a sequence of values, with consecutive values 
separated by a small interval Ai. We can evolve the quantum system through a sequence of steps correspond- 
ing to each of these intervals. If tp{q°') and ip'{q'") are the wavefunctions corresponding to two consecutive 
intervals then they are related by the single-step propagator G(g", q'"; Ai): 



V^' ((?'")= j G(<?",<7'";At)^(g")dg". 
From the path integral formulation of quantum mechanics, the single-step propagator for each interval is, 

G(g",g'";Ai) - -i-^ /exp(ii(p„, g")AOdp„ 
(ztt) J 

= — ^ [ exp{ipaAq°' - iH{q°',Pa)At)dpa, (11a) 
(27r) J 

where Ag" = q'" — q". 

Now, let us study the Feynman's derivation of the Schrodinger equation from the path integral formula- 
tion: 

^'(9'") = / exp(ip„Ag" - iH{q^,pa)M)i,{q^)dq^dpa. (12) 

In this exp(— iiJAt) w (1 — iHAt) for a finite H and a small At, 

^'(9'") ~ / exp(*p„Ag") {1 - iH{q^,pa)At} i;{q")dq^dpa. (13) 

(27r) J 

Let the Hamiltonian be second order in the momenta, and all the g's are to the left of the p's.Then in the 
above expression, H(q°',pa) can be replaced by H{qa, -^^) as follows: 
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« ^|l-ii?(g'",^)At|y'exp(zp„Ag")V'(g")dg"dp„ (14) 
= {l-iH{r,Jjz)^t\^l^{q'-). (15) 



idq" 

This derivation works straight forward in non-relativistic quantum mechanics leading to the usual Schrodinger 
equation. 

Now consider an action like in quantum gravity in which the Hamiltonian is constrained: 

Now the path integral also has a sum over lapse, 

^'('''") = 1,^, f eMWc^q" -iNHip^,q")At)ij{q")dNdq"dp^ 
(27r) J 

= /exp(ip„Ag«)5(F(p„,g«))V(9")dg"dp„. (16) 

[2tt) J 

In quantum gravity the approximation ex.p{—iH At) « (1 — iHAt) cannot be done, because the exponent 
exp{—iH At) is to be replaced by 6{H) due to the sum over the lapse N. The one-step propagator is 

G{q-,q'";At) = [ eMiPaAq'')S{H{q'' ,p^))dpc,. (17) 

(27r) J 

We sec here that the At term is absent in the right hand side. So the propagator is a function of the 
configurational variables only: 

G(g",g'") = / exp{ip„Aq")S{H{q^,pJ)dp„. (18) 

(27r) J 

This form of the propagator is what is to be expected. This is because t is a coordinate variable, it can be 

changed by an arbitrary (smooth) rescaling of the lapse (time diffcomorphism) . So the physical evolution 
should not depend on it. Practically we read time by reading observables, for example the position of a 
clock's needles. The q's are the most basic observables and so the physical time has to be extracted from 
them, for example, assuming that one of them acts as an internal time variable. But, this way of choosing 
the time variable is arbitrary and subjective. We need a more objective way to choose the time variable, 
which I will discuss in next section. 
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2 A Framework of Principles 

In section 1.1, I have reviewed the various existing proposals for solving the measurement problem. In 
section 2.1, I concluded that an objective time needs to be formulated based on the quantum physical 
processes happening on the 4D manifold. Based on these two, I will propose a framework of three different 
principles each of which defines a concept, to address the issue of time and measurement (reduction). These 
principles can be tested experimentally and so are falsifiable. As stated in the last section, we will assume 
h = c = G = 1, unless explicitly specified. 

In this section I discuss a list of principles each of which either defines a concept or is defined based on 
a concept. First I briefly review the basics of statical foundations of quantum theories. Next, I elaborately 
discuss the principles of dynamics. Later in the article, I also briefly introduce a generalized and modified 
form of the principles of dynamics as an alternative. 

2.1 Principles of Quantum Kinematics: A Very Brief Review 

First we define a set of principles so that we have the proper kinematical background to study dynamics. 
These ideas are simply the basic principles used in studying quantum without the Schrodinger Hamiltonian 
equation. Let me list the set of three principles. An entity of a reality can be considered as made of a group 
of interacting elementary quantum system. 

Principle 1.1: To each elementary quantum system of a physical object is associated a physical configuration 
space. 

Now the physical configuration spaces differs between various theories used in physics. Usually the 
physical configuration space is defined by a simple kinematic configuration space divided by symmetry 
groups. In non-relativistic quantum mechanics it is just a vector space of position. In gauge field theory its 
a complex vector space reduced by gauge symmetries. In quantum gravity it is the space of metric tensor 
fields reduced by diffeomorphisms. 

Principle 1.2: The quantum state of a physical object is an element of the Hilbert space on the physical 

configuration space. 

This means the states are complex functions on the configuration space; they are considered as vectors; 
there are sesquilinear scalar product and Hermitian conjugation defined. The bra and ket notation can be 
defined as usual. 

Principle 1.3: The quantum variables are operators on the Hilbert Space. 

Most important quantum variables referred to as the observables are the linear operators that are invariant 
under Hermitian conjugation. Here we do not assume as fundamental the Copenhagen interpretation that 
observations collapse the state of a system to an eigcnstatc of the observable to be observed. It will be an 
emergent concept in our framework, which will be discussed in the next subsection. 

Position and momentum quantum variables can be defined as usual in quantum mechanics, which are 
usually the most basic variables of the theory. Just consider a simple quantum system, with the basic 
conjugate variables and Pa,x and the commutator [g^,P/3,x'] = 6'p5{x' — x). The theory is built on the 
Hilbert space of the square integral functions ip{q")o{ the variables q^, where the basic variables become 
operators: 



= Q^i'iQ^), Pa,Mn = )• (19) 

Usually reducing the kinematical configuration space by symmetry groups to get the physical config- 
uration is difficult. Formally, the states and the variables can be subjected to projectors to remove the 
redundancy due to symmetries. They can be directly applied on the kinematical Hilbert space and the 
operators F{q^,p'^) to get to the physical Hilbert space and the physical operators: 
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%h.ei€) = O^iQ^), Fph.s=O^F{q^,p^,,)d, (20) 

o = n^((5o- (21) 

i 

where 0(C'i)'s are the projectors relating to the constraints Ci (cxchiding the Hamiltonian constraint). For 
example, the action of 0{C) on a state \ip > for a constraint C can be formally defined as follows: 



IV- >= ^ / eMixC)dx\^ >, 6((7)|V >= ■ (22) 

27r J < tPItJ; > 

The gauge invariancc removes the redundancies due to the internal symmetries of the field equation. The 
diffeomorphism invariance relates to invariance under the change of spatial coordinates. Physics tells us that 
reality should be gauge and diffeomorphism invariant. 



2.2 Principles of Quantum Dynamics 

The principles of quantum dynamics discussed here applies to the theories that are constrained by the Hamil- 
tonian constraint only. The other constraints (gaiigc and diffeomorphism) are applied on kinematic evolving 
states using projectors, as discussed in the last subsection. I assume that the metric in the configuration 
space is positive definite unless specified. 



2.2.1 Self-Time Evolution 

Consider a simple quantum system which is described by a Hamiltonian constraint only. Let the canonical 
variables be Pa and g", and d is the dimension of the configuration space. Let Sajs, a function of g", is the 
metric in the configuration space. Hereafter I will use s^/S and its inverse s"'' (assuming it exists), to raise 
and lower indices. Let me define a scalar product using the metric: 



< a,b >= aahps"'" . 

As I have indicated in the beginning of this section, I will assume s"'^ is positive definite. Let me assume 
that a typical Hamiltonian is as follows: 



Let the Hamiltonian operator 6{H{q°' ,pa)) be such that all the g's are to the left of the p's. Here after 
we will assume that this is the case, unless specified explicitly. The propagator G{q", q'") between two states 
used in the last section is, 



<p,p > 



Viq^ 



PaP 



+ V{qn- 



G{q",q'n = <q'^\6{H{r,Pa))\q"> 

^ 7 ^ / ^^V{iPoc^(f)5{H{q°',Pa))dpa- 

(27r) J 

But G{q°',q'°') does not specify any dynamics yet because we have not specified the time variable. For 
this to define time evolution, we need to decide which configuration variable is to be considered as the time 
variable. However, we can linearly map the configuration space to a new configuration space through a linear 
canonical transformation. So we need to specify a time vector at each instant instead of a time variable. 
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whose magnitude and direction defines the rate and the coordinate axis of evolution. (The rate will be; more 
sensible if we define more than one elementary quantum system, this will be done in the third principle of 
dynamics.) Let be the vector. The norm of v" is given by \v\ = ^y\v"Va\, and the unit vector v°' = j^. 
Let Aq" = q'" — q". If we know w",we can define the natural time constraint r„Ag" = |w|At, where I 
consider At as a measure of physical time interval of the system. This time constraint restricts the coordinate 
change to be along Va in the transition from g" to g'" and the magnitude of change to be \v\At. 

Then the single-step propagator for the system to evolve for an interval At is defined using the time 
constraint as, 

G(g",5'";t^a, At) = [ exp(ip,Ag")5(i?(p„,g"))(5(t;,A(z" - \v\At)i^dpc.. (23) 

(27r) J 

The Va, At variables after the semicolon indicate that the propagator depends on these. The /x is a weight, 
which is deduced so that G(g", g'"; 0) = 5{q°' — q'"), where S is the Dirac delta function. 

Let me put the propagator in an operator form. Let Mj,(At) be defined as S{H)6{vaAq°' — |w|At), where 
Ag" = / (g" - g'")lg'^ >< gT| dq'l^dq'^. Then the time evolution operator T;(At) = M^(At)(M„(0))-i is the 
operator form of the propagator: 

G(g«,g'«;^;„, At) =< Vi|f;(At)|V2 > (24) 

The (J. in the path integral definition of G are the matrix coefficients of (M^(0))~^. 

Now the important question is, what is v°' in the configuration space? For this, let us focus on classical 
physics and consider Newton's first law of motion: Every body continues in its state of rest or of uniform 
motion. The law states that time fiows and a body moves uniformly along the direction of its velocity 
vector in an infinitesimal time interval. Since time is seen through movement, inertia is essentially nothing 
but the unstoppable flow of time associated with the system. We will now reformiilate the law slightly 
such that it defines time itself. The first of Hamilton's equations of motion captures the mathematics of 
Newton's first law: = {g",i?}.Here t needs to be reinterpreted. Without referring to t, the velocity 
vector i;" — {g", iJ}. If we consider this equation as the fundamental definition of velocity, we can restate 
the Newton's law to define time: 

Self-Time - A body (its configurational variables) moves uniformly and continuously along its velocity vector 
v" = {g",-/J}, at a rate proportional to its norm. 

In this form Newton's first law defines time itself. This statement focuses on the primary source of the 
movement itself instead of the nature of the movement like in the Newtons law. I would like to refer to this 
definition of time as self-time. I do not call it as inertial time because there is a redundancy in the wording, 
as inertia itself is due to the flow of time. The remaining part of Newton's first law regarding forces is 
contained in the second Hamilton equation. But in the quantum version discussed next the content of both 
the equations will be taken into account. 

As is given, the location of the system in the configuration space moves along it. Now a time 
parameter of the evolution can be defined as being a parameter t along the path, which parametrizes 
evolution. If is zero, then we can replace it with some very small vector. Using equations = u", we 
have, VaAq" = tiat;"At,which is equivalent to the time constraint equation: VaAq" = \v\At. 
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Now, I will formulate the quantum form of the first principle of dynamics. Let > be an arbitrary 
initial quantum state of the system. Let me define to be the expectation value of the velocity operator 

v" ^i<tP\[H,q"]\tP> . (25) 

Principle 2.1: A quantum system during a time interval At evolves by the transition operator Ty{At), 
where the time vector v" is the quantum expectation of the velocity operator g"], gives the time direction 
in the configuration space and the rate of evolution. 

Now since v°' depends on the wavefunction itself, the evolution is non-linear in nature. The operator 
Ty{At) is non- linear. 

In classical theory, as a consequence of the Hamilton's first equation of motion, pa = Sapv^ = v^- So 
momentum and velocity are conceptual equivalents. Then, the above principle makes sense if we take into 
account the quantum nature of a system: It is a superposition of various velocity (momentum) states, each 
trying to move the system in its own direction. It is natural to expect that the net effect of movement is 
along its expectation value. We can always use the momentum instead of the velocity to define the principle; 
but, velocity is more physical than momentum, because velocity is what we observe. 

Note that z;" is a constant in the phase space at a given instant as defined in equation ([^5]) . Now we can 
define the following in terms of Va '■ 



SapV^, \v\ +\/s°'f^VaVfi 



These quantities defined are functions of g", as Sap is a function of g". We see that the norm \v\ of is 
function of 5" , but we can also simply use the classical norm calculated using the expectation value of s"^ . 
So there is some flexibility in defining the norm, and so there is an ambiguity in the theory. But, hereafter, 
we can simply use |u| in the equations without being explicit about its definition. 

Lets go back to the path integral formulation discussed in last section. The time evolution is determined 
by the path integral sum over phase space with the natural time constraint VaAq°' = \v\At. Taking this 
into account, the new discretized Lagrangian is, 

L{p^,q",N,X-Va.At) ^PaAq^ - NH{pa,qn^t~ KvcAq^ ~\v\At), (26) 

where the N and A are Lagrange multipliers. The new action depends on w". The new single-step propagator, 
after the relevant variables are integrated is, 

G{q^,q'^-Va,At) = I exp(ip„A(7")^(i?(p„,q"))(5(z;„Ag" - \v\At)^idpa■ (27) 

(27r) J 

The Va, At variables after the semicolon indicate that the propagator depends on these. The /i is the weight, 
which we can deduced later, to make sure that G(g", g'"; Wq, 0) = 5{q°' — q'"), where 5 is the Dirac delta 
function. This propagator moves the system through an infinitesimal step. 



^t+^tir) = / G(<7",g'";At)V'i(g")d9«, (28) 



/ G(<z", 

Jq 



which can be repeatedly applied to generate the dynamical evolution of the quantum state. The sequence 
defines the states of the system at various consecutive instants. 

To simplify the illustration of proposal one, let me assume s"^ = 5°^^ . Now ti, Va, Va and v" are constants 
in the phase space. Let us do a canonical transformation of the configuration space so that Vaq" = T is one 
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of the coordinates, and the remaining orthogonal coordinates are . where / varies from 1 to — 1. To 
mathematically codify the transformation, we can define orthogonal unit vectors ef such that i varies from 
to — 1, and e" = v°^. If is the inverse of ef , then T = e^q" and = e^g". Let E = e^Pa be the 
momentum conjugate to T and Pj = efpa be the momentum conjugate to . Then H becomes a function 
of £;,P/,r and Qi: 



H=-{E^ + Y,PiPi) + V{T,Q'), 
I 

The propagator can be written as follows: 



G(g^ T, Q'^, T'; va, At) = [ exp(i ^ PidQ' - iEdT)5{AT - \v\At)5{H)iidPidE, (29) 

where the AT = T' — T. By integrating over 5{H), we can get E bs & function of Pi,t and Qj. 



E = ±^-V{T,Qn-^Pf. 

Let me assume the; sum inside the square is positive, so that E is real. Since the Hamiltonians in physics 
are usually quadratic in the momenta, E can be positive or negative. So, there are two types of propagators 
corresponding to the two opposite directions along w", both of them need to be added to get the full 
propagator. But, this would ultimately lead to macroscopic superposition and nature will choose only one of 
them. For now, let me restrict E and At to positive values only, so that time flows along only one direction. 
(In section four the generalization of the framework to both directions will be discussed.) 

Let me denote the resulting positive function E of Pi,T,Qi of as Hv{Pi,T,Qi;Va)- Using the value of 
E, we have 



H^ = ^-V{T,Qi)-Y,Pl 
Now, we have, 



G{Q',T,Q",T'-Vc,,At) = ^^-p^ j e^iY^PiAQ' -iH,AT)5{AT -\v\At)j^^dPi. (30) 

where the additional factor of is from the integration of S{H). It is easy to see that if we set fi = \Hy\, 

then G{Q^,T,Q'^,T';va,0) = S{Q' -Q")S{T -T'), as we want it to be. So, hereafter I will set n = \hJ\. 
Now the final form of the propagator is. 



G{Q', T, Q", T'; v^, At) = J exp(i ^ PjAQ' - iH,AT)S{AT - \v\At)dPi. 



(31) 



Now, ip{q°') can be rewritten in the new coordinates as i^{Q^ ,T). Let t be the time parameter (defined 
right after the classical version of the principle) . Consider the single-step evolution of the wavefunction from 

MT,Q') to i^t+AtiT',Q"): 
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^t+AtiT',Q") = j G{Q',T,Q",T';v^,At)^Pt{T,Q')dQ'AT 

= j^;^ j exp(i ^ PiAQ' - iHM^t)dPiS{AT - \v\At)i^t{T, Q')dQ' AT 

i>t+At{T' ,Q") = j expii^PjAQ' - iHM^t)dPiMT' - \v\At,Q')dQ'. 

In the Schrodinger differential form the evolution equation is, 



(32) 



i^t+At{T,Q') = MT-\v\At,Q')-H,MT-\v\At,Q')\v\At 

« iJt{T,Q')-\v\AtdTMT,Q')-H,i^,{T,Q')\v\At. (33) 

where the higher order terms of f At from the path integral are ignored. I have placed to the right of H^. 
In general, is a function of q" if defined using \v\ = +\/s^^^v^v^. So the order between H^, and v is 
important. So there is an ambiguity in the theory as I have indicated before. We can define using the 
expectation value of s"^ , so that there is no ambiguity. 

In the appendices A and B, the iJjy's for a general single point system with general s"^ and canonical 
quantum gravity are derived. The general differential form of the first principle of dynamics is, 



doli^t >= -iv°'Pc\'4>t > dt - iH^lipt > \v\dt, = « < V'tl['H"> ^"llV't > • (34) 

where the D denotes the deterministic evolution due to self-time, and Pa = j ■ 

Let me consider a concrete realization of the system that we discussed with s°'^ = 5°'^ . Let me define H 
to be, 

if=^'5"''M+n^"V9/3). 

Assume the initial state of the quantum system is a semiclassical state: 



^^5") = exp(i«„(9« - - , 2 ), 

(27rCT)~ 4cr^ 

where Va , and a are constants that describe the expectation values of the momenta, the positions variables 
and the spread of the wavefunction. The system has rotational symmetry in the configuration and the 
momentum space. If we set T = Vaq" and are the configuration variables along the orthogonal directions 
to Va, we can rewrite the wavefunction as, 

*3 ) = T:^ — 71 exp(i|i^|(r - To) ), 

(ZTTCr) 4 

where To = VaQo and Ql are the remaining components of Qq along the chosen orthogonal directions. 

Let the system evolve for an interval At. The changes in the expectation values of and Pj are given 
by the Hamilton equations: 
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where the derivatives are calculated at Pj = 0, = Ql and T = Tq. So the new wavefunction is of the form 
as one would expect from non-relativistic quantum mechanics and equation p2p . 

^'iT,Q') « —^eMiW\iT-To-\iy\At) + iAPiQ') 
(zna) t 

, {T-To-W\Atf + j:,{Q'-Qi~AQ')\ 
expi, >' 

which is simply the wavefunction shifted in the position and momentum expectation values as one would 
expect classically. There would be further small correction terms that depends on the explicit form of V . We 
need to rewrite the wavefunction in terms of the original coordinates q" using q" — BqT + ef , calculate 
v" and repeat the same calculations for the next one-step evolution. 

2.2.2 Local Quantum Reduction 

Consider the single point system discussed in the last subsection. The modified Schrodinger equation ([M]) 
derived describes the evolution of the system in the direction i'" . The equation results in the system evolving 
into a macroscopic superposition state. To prevent this we need continuous reduction of the system which 
removes the macroscopic superposition. The general form of continuous measurement of a quantum system 
is given by the Bloch equations in the Lindblad form 17 governing evolution of density matrix (reviewed 
in[li): 

P= —[P,H] + V(2L™pL+ - L+L„p- pL+L^), (35) 

m 

where p is the density matrix and L„i are the operators representing observables to be continuously measured. 
This equation has been extensively studied and has been useful in various experimental situations |19) . It 
is not the most natural and explicit form to use to describe an individual quantum system. It describes an 
ensemble of identical quantum systems and does not tell how each individual system evolves. So, we need 
to consider the equivalent equation, given by Percival, Gisin and Diosi [6|, which describes the stochastic 
motion of the quantum system state j-^ > of a quantum system: 

\dip > =-H dt\-4) > +y^{L„-,~ < L^>)\ip > dZjnVdi (36) 

7 f ^ 



(2 < i„, > L,n - L+L,n- < L+ >< L„j >)|V' > dt, 



where dt is the time interval of evolution in the non-relativistic quantum mechanics. The dzm are complex 
numbers representing Gaussian distributed independent random variables. More explicitly, the real and 
imaginary parts of dzm are Gaussian random variables such that the statistical expectation values are given 

by, 



E{dz„^) = 0, E{dz„,dzn) = 0, E{dz„rdz*J = 26mn. (37) 

where E refers to the statistical expectation. This equation evolves jV' > such that its norm is preserved; so 
a normalized {ip > remains normalized as it evolves. 

Percival applies this to quantum field theory but abandons the analysis reasoning that the resultant theory 
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is non- unitary [7]. But, in case of quantum gravity the universe cannot be described by unitary evolution 
alone because that would lead to superposition of macroscopic states. Clearly, experimentally, whenever the 
quantum state of a system evolves into a superposition of macroscopic quantum states it probabilistically 
evolves to one of the macroscopic states. So, for a macroscopic universe, the quantum evolution must 
be described by an equation that has three components: a deterministic unitary component, a stochastic 
component, and a component that prevents macroscopic superposition. The modified Schrodinger equation 
((36)l is the most natural form of it and the three terms in the right hand side of the equation give the 
necessary components in the respective order. 

Let me clarify how the third term works a little bit. Consider that \ip > is expanded as a superposition 
of the eigenstates of !/,„. As > evolves, the third term tends to reduce the amplitude of an eigenstate in 
the sum to the extent to which its eigenvalue is far away from the expectation value of < i„i >. Because 
of this \ip > evolve such that the amplitudes of the components are peaked close to < Lm >, a semiclassical 
state. 

In equation (j36p the second terms randomizes the system, third term classicalizes the system. These are 
components of macroscopic quantum reduction. Let me state the second principle of dynamics. 

Principle 2.2: Local Quantum Reduction - The evolution of a quantum state of a single point quantum 
system along with the Schrodinger type evolution also undergoes semiclassicalization and randomization 
through quantum state diffusion terms respectively: 

|dVt > = > + '^\n{L„i- < Lrn >)|V't > dz„iy/\v\At (38) 

rn 

+ ^(2 < L,n> L,n- L+L^- < L+X Lm>Mt> 

m 

Here the dj^ip and the \v\At are the modified Schrodinger part (equation p4p ')and the time measure from 
the first principle of dynamics, and the operators are simple functions of the conjugate variables Pa and 

to undergo continuous measurement. The Am are some functions of of Lm and j?/;* >. 

The purpose of the function A„i is to control the random fluctuations in the equation psp . For the 
quantum diffusion theory to reproduce the Copenhagen probabilistic collapse we need Am = 1. So A„i needs 
to be close to one, but close to zero for reducing randomization. The choice of Am will be discussed further 
later. 

Usually for the applications of the Bloch equation ([35]) to study the evolution of the density matrix 
of a quantum system, the L^s are to be determined by what are to be measured in the experimental 
context. But, here in the second principle of dynamics we assume that the Lm's are fundamental quantities 
in quantum gravity to be determined experimentally. The natural and simplest choice for the L^s are 
given by Pa, or some simple functions of them. The combined quantum system forms a complete reality 
by itself and there is no outside observer to make measurement. So the system needs to be understood as 
undergoing continuous reduction by itself instead of being considered as undergoing measurement. In the 
next section we will discuss, in the quantum general relativistic physics of fields, what is the nature of L^s, 
how the equation (j38p acts on the non-classical quantum states to promote continuous reduction, and how 
the phenomenon of quantum measurement in the laboratory experiments can be understood in terms of this 
process. 

Please notice that if = 0, then evolution freezes. But we can always set to be a very small value 
instead, so that the system can jump out of any state of unstable equilibrium, under the influence of the 
stochastic terms in the evolution equation. 
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2.2.3 Global Quantum Reduction 

The first principle of dynamics focused on a quantum system at a single point that evolved according 
to a single time parameter. In quantum gravity we want to evolve the quantum states from one spatial 
hypersurface to another spatial hypersurface. In a spatial hypersurface there is infinite number of points, 
with a quantum system at each point. So let me discuss how to understand time evolution in a many-point 
quantum system. If there are many interacting fully constrained quantum systems, one pair of conjugate 
variables Px,a, 9", then there is one time parameter tx for each system. Now, the question is, what is the 
relative rate at which these time parameters evolve. I will try to answer this question in this subsection. 

Let me assume that space is discretized and is made of countable number of points. Let B be the 
number on points (which can be set to infinity if needed). Assume that the quantum system at each point 
X is described by an identical Hamiltonian constraint only, and it has an interaction term that involves 
adjacent quantum systems. 

If X is the variable that refers to the quantum system at each point, then the single-step propagator 
describing the combined systems is, 

\{{{5{Hx)5{vxo.dq'^ - \v^\Mx))^ix}dpx,c., (40) 

X 

^t+AtilT) = / Giq%,q[:;Ux,^,Atx)4't{C)dq%. < = * < MH^q'^Mt > ■ (41) 

Jq 

where multiplication over a and x is assumed in dg" as per convention indicated in the beginning of the 
article. Convention 5 applies to G and '0: G is a function of all {q" , q["] Vx,a, ^tx} for different a and x; ip 
is considered as a function of all for different a and x. 

Each step of the evolution depends on the values of At^- Let t be a continuous time parameter, which 
varies from t = to t = T. Let me define Atx — nx{t) At, where the nx{t) are continuous functions of one 
of them for each point x. Now the repeated application of the one-step propagator for infinitesimal jw^lAia; 
creates a smooth evolution of all the systems. The sequence of the quantum states, defines the states of 
the system at various consecutive instants. As the combined system evolves the classical expectation value 
of the momentum and the configuration variables Pa^x and also evolve. Consider the usual propagator 
defined below for M steps, without the sum over the lapse: 



G{qf,q'^p,{Nx,sAtx,s}) = (^^^ / 



^ {pa,x,sAqx^s - ■iHx,sNx,sAtx,s) 



I 

x,S 



i2nY 

dpa,x.sdqa,x,s, (43) 



(42) 



where the S indexes the steps in between the initial and the final steps. The integration over the lapses, 
integrates the integral over various possible foliations. After the summation over the lapses, we get, 

Gil?, If) = J^^^ I G{qi, qr, {Nx,sAtx,s}) H Nx,sd{Atx,s). (44) 

This is the usual propagator of a fully constrained system. 

Now consider the propagator defined in principle 2.1. Let me apply it for S steps. From equation (p9)) 
we have: 

Giqf, q?) = f l[{G{qx, qF\ Vx.a, Atx.s) — )diAtx,s)- (45) 

S,x 
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In this the integrals over the lapses are already performed, the time intervals At^^s are physical quantities 
extracted from the internal evolution based on Vx,on and assume Vx.a are independent of the states just for 
discussing this sum. So the summation in the net propagator given in this equation is over various possible 
physical macroscopic evolutions unlike equation (H^ . Therefore, we can reason that this superposition over 
this history has to collapse probabilistically, as it usually happens in nature, a global reduction in contrast 
to the local reduction discussed in last subsection. Now, so let me propose the following: 

Principle 2.3: Global Quantum Reduction - The functions Uxit) take random but continuous values 
with the relative probability distribution given by the functional P{nx{t)) = exp(—W{pa^x,QxT''Pt))- Here W 
needs to be found experimentally or theoretically. The W is a scalar functional of the operators Pa,x o-nd q" , 
for all X and the sequence of wavefunctions ipf between t ~ to t — T . 

The nx{t) essentially are the lapses, and they give the various ways to foliate the manifold of the quantum 
system whose topology is B point (g) ID. This could be the discretized AD manifold of general relativity. 
Since now the nx{t) are random functions, the foliation is a random hypersurface. In this subsection I only 
assumed that ijj^ evolves by the self-time evolution of the first principle of dynamics. It is straight forward to 
include the second principle of dynamics, which will be discussed in the next section. This will be discussed 
in the next section. 

Let me discuss now the sample space in which nx{t) take values. One can come with a simple choice as 
follows, a) nx{t) need to be continuous functions on the manifold b) the first derivative is finite but changes 
only in random steps of values for a random sequence of intervals. This restricts the choice of the sample 
space, so that the evolution is smooth. 

It is important to note that the special case of deterministic nx{t) is built into the theory. For this to 
happen P{nx(t)) need to be infinitely peaked for one choice of nx{t) for each point x. 

In the section (2.2), when discussing about time in classical general relativity, I discussed that the physics 
happening on the space-time manifold is used to define a physically relevant foliation in cosmology. For 
example, the foliation of the space-time manifold is defined by the scale parameter in big bang cosmology. 
The principle proposed in this section generalizes this through the use of W functional. 

Semiclassical states are usually those whose amplitudes are peaked in and finite near some classical values 
(wave packets). We may also smear each step of the quantum states using functions that are peaked at rixit)^ 
for example: 



where the nx{t) are determined probabilistically. Here the smearing is done with an exponential factor. It is 
not clear to me whether this must be done, as this would be over constraining the system, more than what 
the Hamiltonian constraint has already done. 




Giq:,qT;iyx,»,Nxit)At)exp{-a'Nxitf)Mq%)dq% 
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3 Applying the Framework 



3.1 Dynamics 

In this section, I discuss how to use the framework of the three conceptual principles in the last section to 
study physics of quantum fields in general relativity. For this we discretize the spatial manifold into large 
number of points. Now, we have a multi-point system and at each point the first and the second principle of 
dynamics describe the stochastic and the self-time evolution. The and Pa.x now stand for the collection 
of configuration variables and the conjugate momenta respectively of all the quantum fields living at each 
point a; of a spacial hypersurface, such as the spacial metric, the electromagnetic, the Fermionic, the scalar, 
and other fields like the remaining gauge fields. Let us denote the quantum state of the combined system as 
If/jj >. Specify a smooth function 'nx{t) for each point. The time increment for each point x is now nx{t)/S.t. 
The modified Schrodinger equation of the entire system is now: 

\dij^ > =dD\^t> (46) 
>)\ipt > dzm,x\/\n-x{t)\\vx\dt 

+ ^(2 < > L,n,x - L+^^^L,n,x- < L+ x >< L^,x >Mt > n^it)\v^\dt, (47) 



dol^t > = -^n^it)idtv^pa,x\i^t > — r^Hy^^l^pt > n^{t)\v^\dt 

X X 

where the operator contributions from all the points are added. These equations time evolve the system 
through a sequence of quantum states. The evolution is continuous but yet stochastic in nature. 

Using a choice of the functions Ux (i) , we can use these equations to evolve the quantum state 5' from t = 
to t = T. Then exp{—W{pa,x,<lx)) gives the relative probability for the nx{tys chosen to physically occur. 
Now we have two sets of random variables the z's and the n's. The z's are Gaussian distributed as discussed 
in principle 2.2. The probability distribution of the n's depends on the values of the n's themselves and the 
Gaussian random variables z's, as i/'t depends on both of them. Essentially, this probability distribution 
describes the quantum reduction of quantum histories of the combined system. Then for the nx{tys chosen 
to occur, the probability is given by. 



P(n (t)) = exp{-W{px,qx,i^t)) .48^ 

t 

where the integral is performed over all possible nx{t) in the interval t — to t — T, at all points x. 
Consider quantum gravity: The q" stand for the metric tensor. Assume g" are some linear combination of 
the components of the spatial metric. For the equations to work we need to proper choice for Xm,x- They 
need to set to 1 for the equations to reproduce the quantum probabilistic collapse as described in [B]. The 
purpose of Xm,x is to control the randomization due to the second term in equation p6)) . We can choose 
Xm,x to be very small so they make the quantum evolution to be mostly deterministic and semiclassical near 
the space-time singularities such as in the sceneries of big bang theory and black holes. The precise form of 
Xm,x needs to be determined by experimental and theoretical investigation. 

In classical general relativity physics is foliation independent. But in the modified quantum theory 
defined by the framework of the three principles, the quantum evolution is foliation dependent: the evolution 
described by the first and the second principle of dynamics depend on the foliation which in turn is defined 
by the third principle of dynamics. 
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3.2 Choosing time direction 

The first principle of dynamics picks the direction of time to be determined by the quantum expectation 
value of the velocity operators i [H^ , g"] using the wavefunction. But at each point of the space-time manifold 
there are many fields: the scalar, the vector, the spinorial fields, etc. For Fermions described by the spinorial 
fields, the expectation values of the conjugate momenta are zero. So they don't contribute to w". So the 
direction of time flow is only determined by the scalar, the gravitational and other gauge fields such as the 
electromagnetic field. But the relative contribution of each of these fields may be different. One can rescale 
the theory such that all the fundamental constants are unity, and just declare the remaining configurational 
variables at each point to be of equal footing. Instead, it might be possible that only the scalar fields' 
momenta give the direction of time flow. But we can see that such a scalar field suitable for time description 
is only possibly available in the early universe such as in Guth's theory of inflation |12) . In the current 
universe (away from the exotic objects in the universe such as the black holes) the (Higgs) scalar fields 
have zero classical conjugate momentum. Also the gauge fields other than the electromagnetic fields have 
zero conjugate momentum except possibly near particles. So we are left with the gravitational and the 
electromagnetic fields which can be expected to continuously vary over space-time, contributing non-zero v"' 
to set the direction of time fiow in the internal configuration space of these two fields. Also, these theories 
can be unified either along the lines of Kaluza-Klein [16] , the string theory, or some future theory giving a 
set of conflguration variables which are at equal footing to work with. 

3.3 Observables 

The operators and variables are supposed to be subjected to the constraints: the Hamiltonian, the dif- 
feomorphism, and the gauge constraints. We have used the Hamiltonian constraint to extract dynamics. 
The self-time evolution equation p4p is nothing but the Hamiltonian constraint equation rewritten in the 
Schrodinger equation form. The gauge constraints and the diffeomorphism constraints can be directly ap- 
plied on the basic Hilbert space and the operators F{q",p") to get to the physical Hilbert space and the 
physical operators as I have discussed in section (2.1). 

We need to apply the O = Y[ 0{Ci) on evolving \ip^ > described in the last subsection to get the physical 

i 

states and operators. The projectors are to be applied statically on the combined state > of the all the 
systems living at all the points on the hyperspace at each instant t. 

The gauge invariance removes the redundancies due to the internal symmetries of the field equation. The 
diffeomorphism constraints relates to invariance under the change of spatial coordinates. Physics tells us 
that what we physically observe should be gauge and diffeomorphism invariant. But, in the alternative way 
to tackle the diffeomorphism constraints discussed later in section (3.6), the coordinate invariance could be 
only an approximation at Planck scale. 

3.4 Quantum Reduction and Measurement 

In quantum diffusion theory [6j used in principle 2.2, we don't need the Copenhagen interpretation, as it is 
built into the theory: the quantum diffusion equation p6|) takes care of the technical implementation of the 
interpretation, through a process of continuous quantum reduction, in other words gradual semiclassicaliza- 
tion. 

In [5] the quantum diffusion theory is used in a non-relativistic context. Let me discuss how technically the 
equation works in quantum general relativity with all other fields included. Let me assume the Hamiltonian 
formulation is discretized, and the full framework is applied. Sometimes in the study of decoherence in non- 
relativistic quantum mechanics individual particles states, their momentum and position operators are used 
to define Lm's [181. But in a Fermionic field theory context these are not the proper operators to use, because 
there is one set of L„i for each point x, which we denoted as Lm,x- We discussed in the last subsection that the 
Fermions don't contribute to v". Similar to this, they should not contribute to L,„ ^.'s also, because they are 
always fully quantum in nature due to Fermi statistics - maximum one particle per point. The expectation 
values of Fermionic field operators at each point are usually small. The electromagnetic field, metric field, 
etc. following Bose statistics, with unlimited number of quanta per point, their expectation values can reach 
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to classical values, their contributions to L„i,k are important. Nevertheless Fermionic particles can under go 
quantum reduction as we will discuss next. 

Assume we have the full general relativistic physics (including all the matter and the gauge fields) 
discretized on a spatial hypersurface. The quantum state on the hypersurface is made of multiples of the 
following two types of states: 

1) Macroscopic states corresponding to the Bosonic fields: semiclassical states of the gravitational (the 
spatial metric field), the electromagnetic field states, and possibly the scalar fields. These states are usually 
not superposed or entangled heavily. 

2) Microscopic elementary quantum states of the Fermionic particles and the Bosonic fields: electron, 
quark, photon, graviton, etc. These states can be superposed and entangled. 

So a typical quantum state looks like this: >= \em,g,s > (Xi |eii 'Jj, em/c, 5i, •• >, where em 

stands for electromagnetic, g - spatial metric, e - electron, q - quark, etc., and the indices refers to the various 
states relating to the different charges, spin and position. The \em,g, s > is of type f and the fully quantum 
sum is of type 2. 

Assume the Lm,x's are derived from the em, g, and s fields. Consider the quantum diffusion equation 
(j46p . The purpose of the second and the third terms are to gradually randomize and semiclassicalize [ip^ > 
as it evolves. As long there is no superposition and entanglement in the semiclassical states the contri- 
bution of the second and third terms are minimal. The contribution is mostly from the first term. But, 
as \ipf > evolves due to the first term, due to the interaction between the configurational variables of the 
Fermionic and the semiclassical fields (em, g, and s), the superpositions and entanglements in the fully 
quantum ^ \ei,qj,emk, gi,-. > passes over to superpositions and entanglements of the semi-classical 

states \em,g,s >. (This is essentially what was discussed in the section (l.f): \'^si<})\Q >^ ^ 

evolves to '^s{q)\q > ^I'^o >■) The evolved states are like the superposition of the states of the needle 
pointer in the measuring instrument, with each needle pointer state having its own semi-classical config- 
uration of the electromagnetic and the metric fields. But since the electromagnetic and the metric fields 
contribute to Lm,x^s, the second and third terms in the evolution equation (j46p remove these macroscopic 
entanglements and superpositions, performing reduction, exactly in the way it is supposed to happen by 
Copenhagen interpretation. This reduction process happens continuously as the state evolves. Basically 
the macroscopic semiclassical states of the metric, the electromagnetic, (and possibly scalar, example in the 
early universe) keeps measuring the microscopic quantum states of all the quantum fields. This is a deeper 
and objective way of understanding the quantum measurement by an observer. (This is in the spirit of the 
gravitational reduction by Roger Penrose |3j, but more explicit and generalized.) 

Now the relative evolution is determined by Uxit) at each point. As I have discussed before they choose 
a random foliation along which the combined hypersurface quantum state evolves. The quantum state is 
made of superposed and entanglement microscopic states. Now as the state evolves it undergoes continuous 
quantum reduction, this process correlates the classical and quantum information along different points of 
the hypersurfaces of the random foliation. 

3.5 The W functions 

Let me consider a physically interesting choice for the W function. Assume that the spatial manifold is 
somehow discretized. The and p^^x now stand for h°'^{x) and ■Kap{x). Let me evolve the initial state 
using the path integral in equation (j46p . Since rix (t) 's govern the relative rate of evolution of the quantum 
state at each point compared to those of the other points, the different choices of nx{t)'s relate to the different 
ways to foliate the space-time manifold. 

Now, consider the following interesting suggestion: 

Wipi^x^qi^i't) ^vj^ < ^'^ >*< >* '^^^ ^^^^ 

X 

with 77 being a physical constant to be determined and ^ are observables orthogonal to at each point 
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X described in principle 2.1. The< (Qa^x) >t= * < '^t\W'^,x,Qa,x]\''Pt ^^id s/j is the projected spatial 
metric into the Q^. space. The reason for this suggestion comes from the existing physical sceneries. Consider 
the evolution of the universe after the big bang singularity. Let A be the scale parameter. Assume the initial 
quantum state is such that its Va,x are along the increasing A direction of the metric configuration space 
at each point. Then at each point is an increasing function of the scale parameter itself, which is the 
diagonal value of the spatial metric. 

The Qx stand for the perturbations in the diagonal metric. If the nx{t) are equal for all x's, then the 
evolution is on the foliation defined by hypersurfaces with constant A's as usual in cosmology. For this Qx 
and are zero and so the W is zero. Assume the nx{t) are slightly perturbed. This increases Q^. and Qx 
and so the W. So minimality of the W will ensure that the nx{t) choose a foliation close to the foliation 
based on the scale parameter. The relative probability being maximum means the W being minimum. So 
principle 2.3 chooses the functions nx{t) with high probability such that the foliation is close to that used 
in big-bang cosmology. 

Similarly, in the Schwarzschild case along the temporal killing flow the classical conjugate momenta 
and the rate of change of the spatial metric are zero. The evolution is described by the Hamiltonian 
constraints related to the perturbations in metric caused by the long range gravitational waves, the local 
matter fluctuations, or the movement of bulk matter radially. The W is zero when there is no perturbation, 
and it increases with increasing perturbation. Smallness of the W will ensure that the evolution happens 
along the approximate time-like killing vector in these contexts. So again the suggestion for the W suggested 
is consistent with the Schwarzschild case also. 

In the last subsection I have discussed that the continuous reduction of the quantum state correlates 
the classical and quantiim information along the hypcrsiirfaces. Now for the W suggested the correlation 
happens along the random hypersurfaces that are close the physically intuitive ones that we discussed. 

3.6 Models and Constraints: Discrete Vs. Continuum 

The principles can be easily applied to discrete models. Assume the space is discrete, made of B points and 
the quantum systems at all the points arc coupled to each other. Let and Pa stand for the collection 
of the configuration variables and the conjugate momenta of all the points. If d is the dimension of the 
conflguration space this mean a varies from 1 to Bd. Let the Hamiltonian constraint at a point I is given 
by, 

Hi = ai,a0PaPl3 + Pl,a0'laq0> (50) 

where the sum is over repeated Greek indices. The a and (3 tells how the quantum systems at the various 
points interact with each other. Then the commutator [Hj,Hj] is given by 

[Hi, Hj] = 2^ {(^J,lmPl,moc - OlI,lmPj^m<x) C^QaPl - Sal)- 
Ima 

Let me call this result as Cij. It can be written in the matrix form as 

Cij = 2Tr {AjBi - AiBj) {2QP^ - S) , 

where Aj = {a./,;™}, -B/ = {Z?/.;™} with m indexing the rows, and I indexing the columns. Here Q ~ {qa} 
and P — {pa} arc column matrices. 

If >= for all /, then [Hi, Hj]\ip >= for all /, J. So the Hamiltonian constraints leads to new 

first order constraints: 

CjjIV >= V7, J. (51) 
The commutators between C/j lead to new constraints, but I would not study them in this article. 
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We have a familiar situation in ADM formulation for general relativity. Let C and H be the diffeomor- 
phism and Hamiltonian constraints at each point: 



C^{TT^fi,q"^)^2D07r'. 



7' 



) = -gi?+(vr^7rf--). 



Let me define 



'■^)N^d?x, 



H[N] = / H{ 



'^)Nd^x. 



Then we have 



{C[7V"],C[Ar]} = C[LM/3A^"], 



{C[M''],H[N]}^H[Lm^N] 



{H[N],H[M]} = C[F°']. 



(52) 



Here, ~ qq"^{NdaM — MdaN) and L represent Lie derivative. 

If the Hamiltonian constraints vanish, then equation (j52p appears to show that the diffeomorphism 
constraints also need to vanish, as I will demonstrate now. The F^ could be rewritten as follows: 



Fp q{NdpM - MdfiN} 

= qNM{dM^\)} 
= qAdpB, 

where A = NM and B = In ||f |. We can solve for N and M in terms of A and B as follows: 

|M| = /MJe*, 
|iV| = v^e-f, 
sgn{NM) = sgn{A). 



The first two equations give the magnitudes of M and N. The third equation implies that the signs of N 
and M are same when A is positive, or opposite when A is negative. So for any A and B, there is always a 
M and N from which they can be derived. Now we have, 



Let me apply quantum version of equation (j52p on a state \Tp > that annihilates the Hamiltonian constraint 
at each point. Then we have 

c[i^"]|V' >= 0. 

For all A, C[F'^]\tp implies (dpB) C^\ij >== 0; If B = x" for some a, then we have C^lip 0; This 
implies that the vanishing of the Hamiltonian constraints on the quantum states also implies the vanishing 
of the diffeomorphism constraints on them. 

In the framework proposed in the last section, the Hamiltonian constraints are re-interpreted as modified 
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Schrodinger evolution equations in principle 2.1. Assume we discretize the ADM formulation, and assume 
that the system evolves under the influence of all the Hamiltonian constraints at each point, as given in the 
combined propagator in equation (j39p . Then the above analysis indicates that the resulting evolution has 
the information about the vanishing of diffeomorphism constraints as a by-product. But, if we apply the 
full framework to evolve the system, the second principle of dynamics modifies the equivalent Schrodinger 
equation form of the theory by introducing stochastic terms. So the theory does not perfectly satisfy the 
Hamiltonian constraints, but only approximately. So the diffeomorphism constraints are internally satisfied 
only approximately. (Note: Here the diffeomorphism constraint is not applied as static constraint on each 
instant of the evolving state as discussed in section (3.3). It is applied as a dynamical constraint on \'ip^ >.) 

We can simulate quantum evolution of discrete models using the three principles. We need to study 
whether we can start with a discrete model representing continuum general relativity at certain physical 
scenario in Planck scale, and under a large number of the points limit, extract sensible quantum physics 
of the continuum model that satisfies the Hamiltonian and the diffeomorphism constraints. The study is 
currently under progress and will be reported in the follow-up reports. 

3.7 Perturbed Models 

In general relativity important scenarios are as follows: 

• The big bang singularity and the expanding universe, 

• The spherical symmetry and the quasi-static geometry, and 

• The black hole singularity and the contracting geometry. 

Most scenarios in the real universe are perturbed versions of these. Let me discuss some ideas about how 
to tackle time in these. Let me consider a general single point model. Assume that the initial wavefunction is 
peaked around p° , Xq , in the momentum and the configuration space respectively. Let be the expectation 
value of i[H, g"]. 

Then in the classical case we have. 



dH{j>l + 5p^,q^+5q") 

dH{pl + Sp^,qS+6q") 

^ dHjplqS) 
dpi 

= 9o- 

In other words the direction of time in configuration space remains close to the classical value. This can 
be used to set the initial value of the time direction in both single point and multipoint models. We can use 
this to identify the time parameters in the three sceneries listed. 

In the first scenario in the list, is along increasing A. In the second scenario, the issue is more 
involved; nevertheless, the direction of time is given by classical derivatives of the non-angular components 
of metric coefficients (assuming the electromagnetic field is very weak). If the space-time evolves such as 
in an expanding star, the time parameter is a function of the classical radial metric parameters. If the 
space-time is macroscopically static, then the time flow is derived from the momentum generated by the 
gravitational fluctuations. In the third scenario the time evolution is given by decreasing radial parameters. 

We can study the random perturbation around these most probable solutions and analyze the influence of 
the random perturbations on the physics of the universe, such as in seeding structure formation in cosmology, 
time evolution in the region of near flat space-times, or physics inside the black-holes. 
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4 Generalized Principles of Dynamics 



The three concepts defined by the three principles that I proposed in section two are physically intuitive and 
natural. Related to each of these is a more general concept with various different purposes and usefulness, 
which I will discuss in this section. 

4.1 Selective-Time Evolution 

Consider the phase space {pa,<f) of the single point system discussed in principle 2.1 in section 2. We have 
the conventional timeless propagator for this as, G{q'^,q'°') — J exp{ipaAq°')d(H)dpa- Let me introduce a 
general form of the time step constraint in the phase space as follows: 



Wa(P7,/)Ag"-uAt = 0. (53) 

Here Wa{p-y, q^) is function of both p~f and g", m is assumed to be independent of p's and g's. Given a Ai, q'" 
and Pa, the set of points satisfying this equation gives a surface in the coordinate space that contributes 
quantum amplitude at 5'". The new propagator including the general time step constraint is, 



Gs{q",q'";M,Wa,u) = J exp{ipaAq")S{H)S{Wa{p^,qP)Aq'' - uAt)fldpa 



(54) 



I would like to refer to this as the selective-time propagator (or subjective-time propagator) because and 
u are specified selectively to study the relative evolution of a system with respect to the time step defined 
in the equation (j53p by these two. For example we can choose Wa{p-y,q^) to make quantity of interest such 
as the scale parameter in cosmology to be the time variable. In appendix C this selective-time propagator 
is applied to deduce the natural time associated with a simplified system in which a matter-like system 
interacting with a gravity-like system. 

Now I will study the properties of these selective-time propagators. Equation (|54|) can be integrated to 

get 



G{q", g'") = / G,(<z", g'"; At, Wa,u)-dAt. 



(55) 



Let me assume H is a function of and pa only. Assume in Wa and fi all the p's are placed to the right of 
the g's. Then using p'" = we have, 

G,{q'',q"';At,Wa,u) = d{Wa{q^,p'^)Aq" -uAt)tx{q^,p'^) J exp{ipaAq'')d{H)dpa 



S{Wa{q^p')Aq^-uAtMqf^,p')G{q",q'"). 



(56) 



To summarize we have the following: 



Gs{q'',q"';At,Wa,u) = S{Wa{p',qf')Aq"-uAt)^l{qf',p')G{q^,q'") 



G{q'',q" 



f Gs{q'',q"';At,Wa,u)-dAt. (57) 



If we have two different selective-time propagators parametrized by {w,u} and {wa,u} respectively, they 
can be related to each other using the above two equations as follows: 
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G,{q",q'";At,w^,u) = S{w^{p'^,q^)Aq" ^uAt)^iiq^,p'^)Giq'',q") (58) 
= Siw^ip'^,q^)Aq"^uAt)^,iq^,p'^) (59) 

7/ 

G,(g",g'";At',zi)„,u)^dAi'. (60) 
A* 

In the regions of space-time, where the evolution is only determined by the first principle of dynamics 
only, the evolution is determined by the propagators only. We can describe the evolution by many choices 
of selective propagators. Then the above transformation formally relates these various propagators. 



4.2 Bidirectional Time Evolution 

The time evolution defined in principles 1 and 2 are actually unidirectional in time. We can generalize this 
to both the opposite directions along v". Consider the momentum operator E = Pav" (assuming is a 
unit vector in the metric discussed in the previous section). Let > = > +|V-'- >, where \'ip_^_ > and 
> are made of the positive and negative eigenvalued eigenvectors of E correspondingly. Then we have 
a more generalized dynamic equation as follows: 

Idipt > = -j5„u"At|V't > --Hy\ip, t > \v\At + -Hy\^|J ^ > \v\At 
+ ^(2 < Lk>Lk-L+Lk-<L+><Lk>)\i^t>H^t 

k 

+ ^Xk{Lk- < Lk >Mt >dzkV\v\^t, (61) 

k 

= i<MH,qaMt> ■ (62) 

The two terms involving Hy evolves the state in the positive and negative direction along Vq,. But 
because of the third summation term in the first equation one of IV'^. > and > will be fully attenuated 
eventually. So we only have a unidirectional motion eventually. The above evolutions can be easily included 
in the framework of section 2. 



4.3 Statistical Time Evolution 

There is one more alternative to time evolution defined in principles 1 and 3. Consider the many systems 
one step propagator: 

G{q^,q[^;At,,Vc.,^) = J exp(^^p,,„Aq^),5(i^,)^'5("-«c^<?" " \v,\At)dp,,a. (63) 

X X 

The Va,x, which define the time direction in the phase space, are the expectation values of the velocity 
operator i[Hx, q"]. In the principle 2.3 we introduced the n^^s to define relative evolution. They are statistical 
distributed function of t due to statistical selection over sum over histories as reasoned in principle 2.3. The 
purpose of the relative rate function could be fulfilled by Va,x themselves in all the spirit by modifying 
principle 2.3 as follows: 

Principle 2.3': Statistical Time - The continuous functions Va^xit) takes random values with the relative 
probability distribution given by P{va.x{t)) = 6xp(~W^(Pa;, (Za;, V'))- Here W needs to be found by theoretical 
and experiment investigation. 

This proposal makes the principle 2.1 no longer needed. Now Vxa vectors are statistical. The modified 
principles in this section along with the principles of quantum statics form a complete framework by them- 
selves. We can evolve the combined quantum system using equations (|46|) . The probability distribution of 
i;'s depend on values of the Gaussian random variables z's and t;'s, as W depends on them. 
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Similar to section (2.3), I suggest W = vl'^^^u < Qi >< Qi > dt^, with 77 being a physical 

X 

constant and Qf = i[H^ ^,Q^]. This proposal chooses the values of Vxa with a high probability such that 
they minimize W, so that resulting evolution is based on random foliations approximately close to the 
conventional foliations in the big bang cosmology and the Schwarzschild case, like we discussed in the last 
section (3.4). 

Even though, this modified proposal is quite interesting, the usefulness of this modified proposal is 
doubtful. Consider the original proposal 2.3. It is motivated by the fact that the integration of propagator 
in equation (j39|) over various (t) 's gives the total gravity propagator as given in equation (j45p . The random 
choice of rixitys chosen can be interpreted as a quantum projection of the corresponding quantum history 
from the total gravity propagator (the sum over histories). But this interpretation does not work in the 
modified proposal because the integration of the modified path integral in equation ([63|) over the various 
Va.x{t) does not yield the total propagator. This integration does not look to be physical sensible, in the 
same way as equation (|45p . as Va.x(t) have too much degrees of freedom. 

5 Discussion 

The set of three basic principles discussed in section 2 only lays down a conceptual framework instead of 
a full concrete proposal. These principles are essential to study quantum dynamics of a full background 
independent general relativity with time and measurement (reduction). The first principle of dynamics of 
picks a self-time direction in the configuration space of the quantum system at each point;, the second 
principle of dynamics introduces spontaneous local quantum reduction for the quantum system at each 
point, which gives deeper understanding of quantum measurement ; and the third principle of dynamics 
deals with global evolution by determining the relative rate of time evolution for different points on space 
by global quantum reduction. These principles embody conceptual foundations but leaves open the concrete 
implementation to be determined by further theoretical and experimental investigation. 
Let me list the various possibilities: 

1. This framework is highly abstract and it can be applied to the usual quantum field theory with general 
relativity using Dirac's method of quantization, or any unified field theory such as the string theory, 
Kaluza-Klein theory, etc. One needs to discover which is the best theory that works with the framework. 

2. The framework is based on discrete model. There are many possible ways to discretize quantum general 
relativistic physics. The right way to discretize, so that we could extract low energy continuum physics 
needs to be found. 

3. Principle 2.1 proposes time direction to be determined from the expectation value v" of the velocity 
operator i[Hx,q^]- Now there are various possibilities for choosing the configuration variables among 
scalar, tensor, vector, etc., to calculate w". Another possibility is using the Kaluza-Klein theory [TBI , 
String theory or some other unified where these fields are unified theory as discussed in section 3.3. 

4. I have used the time direction to be a direction in the configuration space. But we can generalize 
this, by considering to be a direction in the full phase space instead, and create a more general 
theory. 

5. Instead of the self-time propagator, a selective-propagator derived from the modified form of it may 
be suitable to describe physics. 

6. In the first principle of dynamics in its quantum and mathematical form defines 1^" as expectation value 
of i[Hx, q"]. So the quantities \vx\ and w", derived from j/" and used in the time constraint depend on 
the metric which is a function of the configuration variables. But we can use the expectation value of 
the metric to calculate one or both of these and use them in the constraint, leading to slightly different 
theories. 

7. In the second principle of dynamics we have the Lm.x^s to be determined. The natural choices are 
the configurational variables g", which will restrict the quantum evolution to be peaked around their 
expectation values. 
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8. In the second principle of dynamics in Xm.x is also to be determined. They have serious technical 
impact by determining the impact of stochastic part of the evolution. It makes evolution semiclassical 
for small Xm,x and stochastic for large \m,x- The value needs to set to one for Copenhagen collapse effect 
to take place. Important scenarios where Xm.x are to determined are those related the singularities, 
such as the black hole or the big bang singularity. 

9. In third principle of dynamics W is to be determined. A suggestion has been made in the discussion 
itself in section (2.3). If possible, better ones need to be found. 

10. The sample space of nx{t) used for calculating probability is also very general. More specific sample 
space needs to be determined. 

11. The modified principle of dynamics (2.3)' defined in the last section along with the principles of 

quantum statics defines a conceptual framework themselves. It makes self-time principle unnecessary. 
Whether this framework is more useful than the one discussed in section 2 in describing reality needs 
to be determined. 

12. Now W functional and Lm require two new physical constants to determine their scale. The search 
of W, Lm and the scales may point out to a new fundamental theory. 

So the principles presented in this article have a huge choice. The various possible theories relating to 

the different implementations of the principles have to be studied theoretically and experimentally to come 
up with the precise details to achieve successful model for quantum general relativistic description of nature, 
or some or all of them be falsified in the verification process. 

6 Conclusion 

In this article, I have outlined a conceptual framework and have discussed how to apply this to study physics. 
Because of highly stochastic nature of the theory we need to use computer simulation, and statistical analysis 
to get any useful physics out of the theory. Application of the framework to simple models is straight forward. 
But the complication is, even for simulating simple models, extensive computing power is required. Currently 
the application of the conceptual framework to some simple models is being studied by the author. The 
results will be published in the follow-up reports. The framework discussed is quite general and there are 
wide variety of variations and sceneries. To come up with a specific model that best explains the physics of 
the entire universe requires exploring as many interesting models as possible. 
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Appendices 

A Single Point System 



Consider a single point universe made of a simple quantum system with Pa, as the conjugate variables for 
which: 



L n, A) = PaSq" - NMH{p„, (64) 

Let me define a scalar product as follows: 

<a,6>=a„6/js"^, (65) 
s"'^ are function of . Let the Hamiltonian constraint be, 

H{p„,q'^)^^P^ + V{q). (66) 

The direction v"^ — i < ip f\[H , q°']\i}) ^ >. The norm of v" is given by \v\ = ^< w", >. Using this the 
normalized ii" is z;" = Let Va, At are fixed parameters, with < v,v >= 1. Then from the first principle 
of dynamics the modified Lagrangian is as follows: 

L (pa, g", N, A; Va, At) At = p^Sq" + XivaSq'^ - \v\At) - NAtH. (67) 
We can rewrite the Lagrangian as follows: 

L {pa, q", N, A; Va, At) At = {pa + Xva) Sq" - X\v\At - NAtH. (68) 

Let me perform a change of variables from pa to ma = Pa + Xva- This change of variables does not 
introduce any new weight in the path integral because the integral measure is unchanged dXdpa = dXdnia- 
Let me define H as follows using pa = rua — Xva- 

H{ma, q", A, N; Va) = H(ma - Xva, q",X, N; Va). (69) 
Then we have, 

H{ma,q°',X,N;Va) = < m — Xv,m — Xv > +V{q) 

= i(< m, TO > +A^ - 2A < m, > +2V{q)). (70) 
Now the new Lagrangian is given by, 

L {rUa, g". A, N; Va, At) At = ruadq" - X\v\At - NH{ma,q", A; Va)At. (71) 
The propagator is, 

G{q", q'"; Va, At) = j exp(TOaAg" - X\v\At)5{H{ma, q"))iJ.dTnadX. (72) 
Let me integrate over S{H)dX. For this we solve. 
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fl"(m„,g«,A,Af;t;„) = 0, 

A^-2A < m,v > +2V{q)+ < I)}. 11} >= {). 

A = <m,v> ±^/< m,v >2 - {2V{q)+ <m,m>) (73) 

From this we identify, 

Hy = V< m,w >2 - {2V{q)+ < m,m >). (74) 
Now the reduced Lagrangian for both directions of time evolution along v"is 

L± {ma, q", A, N; Va, Ai) At = rUaAq"- <m,v> \v\At =F Hy\v\At. (75) 

Integrating / S{H)dX introduces a new weight in the path integral, but as we discussed in principle 2.1, 
this is supposed to cancel the weight /j. already present in the path integral so that the path integral yields 
a Dirac delta when At = 0. Now the one step propagator is 

G±{q°',q'°';Va,At) = j expiimaAq"" - i < m,v > \v\AtT iHv\v\At)dm0 (76) 

Then the evolution of the wavefunction is given by 

V'±,t+At (<?'")= J oxp{imaAq"-i<m,v>\v\At±iHy\v\At)i>±^t{q")dmpdq''. (77) 

Prom this we have the Schrodinger equation form of evolution as 

d'ib. Jq°') 

^'^l ' = -v^d^4'±,t{qn T zi/„^±,i(g")k|. (78) 
The Schrodinger form of evolution equation is dependent on t;" = z < f/'tll-'^) 9"]|V't > •• 

B Canonical Quantum Gravity 
B.l Using supermetric 

Here I apply principle 2.1 to a theory described by the Hamiltonian constraint of general relativity only. In 
case of gravity the Lagrangian density (without the diffeomorphism constraints) is 

C = -wa^h"^ - VhN[-R + ^"^^"^ -^^' ]^ (79) 



^ = [-j?+ ""'""^^~^"' ]. (80) 



Given two spatial tensors A°'^ , B°'^ , I can define the scalar product using a supermetric on second rank 
spatial tensors as follows: 
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<A,B>= A°'^Bo,0 - ^AB A = A^ph"'^ B = Ba/sh"^ 

Please note that the scalar product is not positive definite. Let me assume the initial state to be |^ >. Now 
we can define the following quantities: 

v"f^ = i <^\[H,h''^]\ij>, 
\v\ = ^J< v,v > 

Using the first principle of dynamics the modified Lagrangian density is given by, 

LM = -TT^/jA/i"'^ + XivapAh"/^ - \v\At) - VhNAt[-R + ^ < tt, tt >] 
= -(TTa/s - \Vap)Ah°'^ - X\v\At - VhNAt[-R+^ < 7r,7r >] 
Let me make a change of variables, 

map = 7!"a/3 - XVa0 => T^aP = map + XVap, 

< TTyW >=< m,m > +X +2X<v,m>. 
Using this in the Lagrangian density we have. 



< TT, TT > 

11-^ -I- 

We can expand H in terms of niap as follows: 



CAt = - {map) Sh"'^ - X\v\At - VhNAt[-R + ]. (82) 



hH = -hR+ <m,m> + 2X<v,m> 
Now we can solve the if = for A : 

X = — < v,m > ±\/ < v,m >2 — (< m,m> —hR). 
We get the effective Hamiltonian density as. 



(/i"^ , 7r^5 ) = ± V< w,7r>2-(< Tr,n>-hR). (83) 
The effective Lagrangian density is 

C±At = -TrapAh°''^- <v,Tr> At ± H^ih"/^ ,TT^s)\v\At (84) 
The single-step propagator and the modified Schrodinger equation is given as follows: 
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G±{hf,h'^^) = j cM^ j i^±,x^txd'x)d^is,x, (85) 

dD\i}±^t > =i j {<Vx,T^x>THv{h'^^,TTr^s,x)\Vx\)dtxSx\'ll)±^i.>, 

vf = i<i,\[Hx,hf]\i,>. 
In the three equations dependence on location is made expUcit. Principle 2.3 describes how dtx is dealt with. 

B.2 Using normal metric 

Given two spatial tensors ^4"^^ and S"'', I can define the scalar product as follows: 

<A,B>= A^/^B^ff (86) 

This metric is positive definite. Using the first principle of dynamics the modified Lagrangian density is 
given by, 

CAt = -Trc0Ah"'^ + X{v^(!Ah°''^-\v\At)-VhNAt[-R+^{<w,TT>-l-<h,TT>^)] 

= -{na0-Xvc,0)Ah°''^-X\v\At-VhNAt[-R+h<'^,'^>-7:<h,'JT>'^)] (87) 
and the Hamiltonian constraint is, 

7^=\/ft;[-i?+^(<7r,7r> </i,7r>2)] (88) 
Let me make a change of variable, 

"la/3 = T^afi-'XVafi => 7I'a/3 = + Al)a/3, 

< TT, TT >=< m,m> <v,v> +2A < v,m>, 

< h,n >=< h,m> +X < h,v > . 

We can expand H in terms of niap as follows: 

VhH = —hR+<m,m>—^<h,m>^ 

+A^( < v,v > < h,v >'^) + X{< v,m> - < h,v >< h,m>) 
Let us solve the Hamiltonian constraint for A. We find A by defining functions a, b and c; 

a = {l-^<h,v>'^), 

b = {< v,m > — < h,v >< h,m >), 

c = —hR+<m,m>—^<h,m>^, 



< v,m > — < h,v >< h,m> — 4ac 

A = -— 1 : ;tt ± 



2(l-i</i,w>2) 2(1- i < >2) 
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We get the effective Hamiltonian density as, 



The effective Lagrangian density, the single-step propagator, and the modified Schrodinger equation are 
given, with dependence on location made explicit, by, 

£±,.Af, = -7r,,„^A/.f - (< ^a.,7r > - <h v,^ ><K,n. > ^ (91) 

G±{hf,h'^P) = j exp( j C±,,At,d^x)dn^s,., (92) 

J I ; ^ . [ ( {<Vx,TTx> - <K,Vx>< /ixjTTx > , rr (uaB - M A j3 | ; ^ /nQ^ 

c^£||V'±,t >=^ / ( ^ T^f, 1 ■ , - ■ 2^ ±H^,x{KP,TT^5,x)\vx\ 1 rft^(i^a;|V'±,t > • (93) 

C Gravity-Matter-like Evolution: An Example 

In the present universe, at near flat space-times encountered, the local matter docs not significantly influence 
the gravitational field. The gravitational metric gets contributions only in the form of fluctuations. Let me 
study this using a very simplified example of a single point system. Let the total Hamiltonian H at each 
point is given by the sum of a background (gravitation-like) term Hg and a matter-like term Hm- 

H = Hg{q»,p„) + Hm{<t>,n,q"). (94) 

where Hg is finite and w in the region of the phase space of the theory where the wavefunction of the 
theory is finite. 

To simplify the problem let me assume the Hg is given by a term of the form, 

Hg=E^-hg{Pl,Q'), (95) 

where the E is the momentum along the direction of time flow in configuration space given in the principle 
2.1 and hg{Pi,Q^) are the remaining contributions. Assume that the matter-like term does not contribute 
to time direction. The total Hamiltonian is, 

H = E^-hg + H^, (96) 

with E"^ — hg >> H„i- Along with H = 0, we get E"^ » hg » Hm- Using if = we can solve for positive 
root of E, which defines H„ 

E = +^hg + Hm ~ ^Thg ' - — 



= ^/hg + 



2^ 

1 Hm 



We get the matter-like Hamiltonian Hm along with the additive and the scale factors. We assume time 
evolution only along the +ve direction of v". The scale factor can be absorbed by rescaling time definition. 
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The new Lagrangian is 



PiAQ' + 7TA<f>- ) At 



f / 

= PiAQ^ + TTA(j)-{2hg+Hm)Af, (97) 

where AT = — Since the scale factor depends on Pi and Q^, the scahng must be entered inside the 

definition of the propagator itself. Let d be the number of 's. Consider the propagator defined in the first 
principle of dynamics: 

G{Q',T,cf>,Q",T',(l>';v^,At) 
= j^-^ j exp{iPiAQ' + iT:A<j)-iH^AT)dTTdPi. (98) 

Explicitly, 

G{Q',T,cb,Q",T',^';Vc,,At) 
= J exp |iP/AQ^ + i7vA(l) -i^hg + ^(^'^ ' MAt)dTrdPi, (99) 

The rescaling can be done by modifying S{AT — v At) as d{^^AT — v At). Basically this defines a new 
selective-time propagator defined by Wa = ^^^a 1^1 > written formally as 

G,(g",(?'";At,«;„,|H) 

^ ^' exp{ip^Aq")S{H))5{wo,{p,q'")Aq" - \v\At)\v\dpo, 



(27r)<i 

= ^ J exp{ip^Aq")S{H)6i^^^VaAq" - \v\At)\v\dpc,. (100) 
Making change of variable to Q's and P's we get, 

G,{Q',T,<p,Q",T',(l^';At,w^,\v\) 
= / ^iPi^Q' + i^^^ -i(^hg + At| (5(^ - |^|Ai)|t;|rfP, 



1 f AT 

exp{iPiAQ^ + i7rA(j)-i{2hg + Hm)\v\At}6{—j=-\v\At)\v\dPi. (101) 

tt) J 2\/hq 



(2' 

Now the selective evolution of the wavefunction 



V^t+At(r',Q'^,0') = ^ j G{Q',T,4>,Q",T',4>'-w^,At)^l^t{T,Q',4>)dQ'dct>AT 

= j exp(PiAQ^ + 7rA0 - {2hg + H^) AT) 

V't(T' - 2^/h'g\v\At, Q^, (i))dPLdQ' d<i). (102) 
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If we assume ipi{T, At,Q^,cf)) to be a product of the form ^jjf{T,Q^) * ,<j)), where the first is the 

gravity- like part and second matter- like part, 

V't+At(r',Q'^,</>') = ^ J eMiPL^Q"" -^ihg\v\At)^l{T' -2,/rg\v\At,Q')dPLdQ' 

* J exp(7rA(/) - Hm\v\At)^'^{T' - 2^/h^\v\At, , (j))d'Kd(j). (103) 

If Hm and tp^onlj slightly depends on fluctuations in g", by substituting the expectation values of Qi in 
Hm,we can separate the matter- like and the background- like quantum evolutions: 

^!+AtiT', Q"-) = (2^^ J exp(zPiAQ^ - 2ihg\v\At)rt{T' - 2^g\v\At, Q')dPLdQ', (104) 

^t+At(< T>,<Q' >, <(>') = ^ J cxp(^ ittA^ - iH'Jv\At)ibTi< T>,<Q' >,<T>, 0)d7r#. (105) 

where the H'^ depends on < g" >. This is a very formal result. Knowing explicitly the function hg can help 
this make result more concrete. 
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